1. Introduction
===============

Nowadays, nanomaterials have been improved as a result of truly important recent advances by applying "green" chemistry rules to nanotechnology and materials science. Silver nanoparticles (Ag-NPs) have been widely used during the past few years in various applications, such as biomedicine \[[@b1-ijms-11-03898],[@b2-ijms-11-03898]\], biosensor \[[@b3-ijms-11-03898]\], and catalysis \[[@b4-ijms-11-03898]\]. Many methods can be used to synthesize Ag-NPs, including microemulsion \[[@b5-ijms-11-03898]\], γ-Ray \[[@b6-ijms-11-03898]\], UV-irradiation \[[@b7-ijms-11-03898]\], microwave irradiation \[[@b8-ijms-11-03898]\], and spray pyrolysis \[[@b9-ijms-11-03898]\]. Polymers have also been used as matrices in nanocomposites or as stabilizers to provide stability for the metal nanoparticles against oxidation, agglomeration, and precipitation \[[@b10-ijms-11-03898],[@b11-ijms-11-03898]\]. Preparations of Ag-NPs in various polymers have been published to give well-dispersed Ag-NPs, such as polyvinylpyrrolidine (PVP) \[[@b12-ijms-11-03898]\], polyethylene glycol \[[@b13-ijms-11-03898]\], poly(methyl methacrylate) \[[@b14-ijms-11-03898]\], poly (vinyl alcohol) \[[@b15-ijms-11-03898]\], polyaniline \[[@b16-ijms-11-03898]\], and polyacrylonitrile (PAN) \[[@b17-ijms-11-03898]\]. Natural polymers have also been used because they are non-toxic and biocompatible. For example, natural rubber \[[@b18-ijms-11-03898]\], polysaccharides \[[@b19-ijms-11-03898]\], cellulose \[[@b20-ijms-11-03898]\], chitosan \[[@b21-ijms-11-03898]\], and starch \[[@b22-ijms-11-03898]\] have been used as matrices or stabilizers for preparation of metallic nanoparticles. The present work is on the use of polymers as the stabilizing agent and use of OH as an accelerator in the synthesis of metallic nanoparticles e.g., Ag \[[@b23-ijms-11-03898],[@b24-ijms-11-03898]\] and Cu \[[@b25-ijms-11-03898]\]. Gelatin is a natural biopolymer extracted from the partial hydrolysis of collagen and has good biocompatibility and biodegradability; in recent years, it has been widely used in wound dressings, drug carriers, and tissue scaffolds \[[@b26-ijms-11-03898]\].

The current work describes a green, rapid, and easy method for preparing well-dispersed Ag-NPs in natural polymeric media like gelatin. The morphologies of Ag-NPs and the mechanism of their formation by oxidation of glucose using an accelerator reagent are discussed.

2. Results and Discussion
=========================

Glucose as an aldehyde can reduce silver ions to metallic silver and through this process oxidizes itself to glucolic acid. The obtained colloidal Ag-NPs were characterized by spectroscopic results. The formation of Ag-NPs was studied using UV-vis spectroscopy, which has proven to be a very useful technique for the analysis of nanoparticle formation over time. The color of the obtained samples at different volumes of NaOH rapidly changed from colorless to dark brown, indicating the formation of Ag-NPs ([Figure 1](#f1-ijms-11-03898){ref-type="fig"}).

The UV-vis absorption spectra of prepared samples are shown in [Figure 2](#f2-ijms-11-03898){ref-type="fig"}. The obtained Ag-NPs displayed absorption peaks, the characteristic surface plasmon resonance (SPR) band for silver, centered from 407 to 424 nm. The location (λ~max~) of the SPR peaks and volumes of NaOH with corresponding pH are also summarized in [Table 1](#t1-ijms-11-03898){ref-type="table"}.

As indicated, the first addition of NaOH led to the broadening of the SPR peak relative to the sample S1. Greater volumes of NaOH (S2) increased the absorbance due to increases in silver concentration \[[@b27-ijms-11-03898]\]. In sample S3, this resulted in a stronger blue-shift in λ~max~ to 422 nm. In sample S4, the increased volume of accelerator led to the SPR peak being considerably blue-shifted to a lower wavelength (407 nm). This blue-shift is related toa decrease in the particle size of Ag-NPs \[[@b28-ijms-11-03898]\] because the SPR band in metal nanoparticles displays the blue-shift based on the decreased size of particles. For S5, the λ~max~ was red-shifted to 412 nm due to the increased size of Ag-NPs \[[@b27-ijms-11-03898],[@b29-ijms-11-03898]\]. These results demonstrated good agreement with the results obtained in the transmission electron miscroscopy (TEM) images of Ag-NPs and their particle size distribution.

The powder X-ray diffraction (PXRD) patterns of the prepared samples at different volumes of NaOH indicate the formation of the Ag-NPs. As shown in [Figure 3](#f3-ijms-11-03898){ref-type="fig"}, all samples have similar diffraction profiles. The PXRD peaks at 2θ of 35.9°, 42.1°, 62.8°, 75.7° and 82.7° can be attributed to the (111), (200), (220), (311) and (222) crystallographic planes of face-centered cubic (fcc) silver crystals, respectively (Ref. \# 01-087-0597). For the all samples, the main crystalline phase was silver; no obvious impurities (e.g., Ag~2~O \[[@b22-ijms-11-03898]\]) were evident in the PXRD patterns. Moreover, no other peaks related to an impurity, indicating that the silver metal was relatively pure. Gelatin was used as the stabilizer and matrix during this synthesis. The possible chemical equation for preparing the Ag-NPs is:
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After dispersion of silver ions in the gelatin matrix ([Equation 1](#FD1){ref-type="disp-formula"}), gelatin reacted with the Ag^+^ to form a stable gelatinous complex \[Ag(gel)\]^+^, which reacted with OH^−^ to form silver metal due to the reduction of silver ions through the oxidation of glucose to gluconic acid ([Equation 2](#FD2){ref-type="disp-formula"}).

The TEM images demonstrate the formation of Ag-NPs at different volumes of NaOH. [Figure 4](#f4-ijms-11-03898){ref-type="fig"} shows typical TEM images and the corresponding particle size distribution of the prepared Ag-NPs. The TEM results indicated that the obtained samples retained a narrow particle size distribution and the average size of all prepared Ag-NPs was less than 20 nm, and a smaller size (\~10.7 nm) was obtained for S4.

3. Experimental Section
=======================

3.1. Materials
--------------

All chemicals and reagents in this work were of analytical grade and used without any purification. Materials used for the synthesis of Ag-NPs included silver nitrate (Alfa-Aesar, 99.98%), gelatin (Sigma, Type A), D-glucose (BDH-Limited Poole, Analar), and sodium hydroxide (R & M Chemicals, 99.0%). Doubly distilled water was used throughout the experiments.

3.2. Synthesis of Silver Nanoparticles
--------------------------------------

In the present study, 1% wt. gelatin was added to an aqueous solution of AgNO~3~ (10 mL, 1 M) in a flask. Different volumes of aqueous solution of NaOH (1 M) were added to prepare various samples (0.5 (S1), 1.0 (S2), 1.5 (S3), 5 (S4) and 10 mL (S5)). These solutions were heated at 60 °C and then 10 mL of aqueous solution of glucose (2 M) was added. The suspension immediately turned brown in all samples, indicating the formation of silver nanoparticles. The reaction was continued for 15 minutes. The obtained suspensions were centrifuged at 15,000 rpm.

3.3. Characterization Methods and Instruments
---------------------------------------------

The prepared Ag-NPs were characterized using ultraviolet--visible (UV-vis) spectroscopy, transmission electron microscopy (TEM) and powder X-ray diffraction (PXRD). The UV-vis spectra were recorded over the range of 300--700 nm with a Lambda 35-Perkin Elmer UV-vis spectrophotometer. TEM observations were conducted using a Hitachi H-7100 electron microscope while the particle size distribution were determined using the UTHSCSA Image Tool version 3.00 program. The structure of produced Ag-NPs has been studied using powder X-ray diffraction (PXRD, Philips, X'pert, Cu Kα). PXRD patterns were recorded at a scan speed of 2°/min. After reactions, the samples were centrifuged using a high-speed centrifuge machine (Avanti J25, Beckman).

4. Conclusions
==============

We have demonstrated a green synthesis of high purity Ag-NPs with glucose reduction of aqueous AgNO~3~ at different volumes of NaOH as a reaction accelerator. Nanoparticle agglomeration was controlled with the addition of gelatin as a stabilizing agent. PXRD and TEM measurements displayed that the resultant nanoparticles were faced centered cubic (fcc) structures smaller than 20 nm in diameter. Thus, this work provides important advantages namely, simplicity, speed, and eco-friendliness.

The authors would like acknowledge technical supports from the staff of the Faculty of Science and the Institute of Bioscience at UPM in this work.
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![The PXRD patterns of Ag-NPs prepared at different volumes of NaOH.](ijms-11-03898f3){#f3-ijms-11-03898}

![TEM images of Ag-NPs and their particle size distribution at different volumes of NaOH; 1.5 (**A**), 5 (**B**), and 10 mL (**C**).](ijms-11-03898f4){#f4-ijms-11-03898}
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The characteristics of Ag-NPs prepared at different volumes of NaOH.

  Sample   Volume of NaOH (mL)   pH    λ~max~
  -------- --------------------- ----- --------
  S1       0.5                   3.5   424
  S2       1                     3.3   423
  S3       1.5                   3.2   422
  S4       5                     3.7   407
  S5       10                    4.3   412
